Abstract
INTRODUCTION
Professional Engineering is a regulated profession, and "professional engineers have a clearly defined duty to society, which is to regard the duty to public welfare as paramount, above their duties to clients or employers [1]". In fulfilling this duty, Professional Engineers must ensure that technical systems are as safe as possible, minimizing the risk of injury or harm to people, property and the environment. Despite its central importance, it is difficult to find an overarching definition or framework for safety engineering. Existing safety frameworks are typically restricted to specific domains, like workplace safety, transportation safety, process safety, etc. These frameworks contain common elements and methods that can be generalized to all domains, and the elements are described in a number of texts, e.g. [2, 3, 4] . Every framework includes the following aspects: defining and identifying hazards; determining risks as the product of the probability of a hazard event and the consequences of the event; and taking measures to reduce risk by reducing probabilities and consequences.
The CEAB graduate attributes also emphasize the engineer's responsibility to protect the public welfare, including health and safety [5] . Education and training in these topics must be a fundamental part of the engineering curriculum. In response to this need, Minerva Canada has led and coordinated the development of a set of learning modules in health and safety. The modules were developed by student interns at 7 partner universities, as part of a Mitacs Accelerate Cluster entitled "Bridging the Gap -Health and Safety Engineering Student Teaching Modules". These modules included several core modules, along with discipline specific modules. The modules are complementary, and are meant to be used together.
Western's contribution was to develop a module covering Process Safety Management (PSM), described in this paper.
PROCESS SAFETY MANAGEMENT
Process Safety Management (PSM) is a term applied to a systematic, proactive safety management system to manage and reduce risks associated with loss of containment events. A loss of containment incident (LoC) occurs when a hazardous substance or energy is released outside of the equipment which is meant to contain it. In some countries the amount of substance released dictates whether the incident is reportable to the government. Also, in some countries, the amount of hazardous material contained in either equipment or at a facility can determine if implementation of PSM systems is required; e.g., Environment Canada Environmental Regulations, US OSHA PSM Rule 1910.119 [6] . Hazardous substances are defined by their reactivity, toxicity, flammability, or other dangerous properties by the Canadian Environmental Protection Act Part 8 Section 200 [7] .
PSM was developed in response to several major loss of containment incidents that resulted in significant loss of life, as well as extensive property and environmental damage. PSM systems are important tools for dealing with the complexity of a process facility. Several major catastrophes demonstrate the importance of PSM and the potential consequences of dysfunctional systems.
PSM is meant to provide a systematic method of dealing with process warning signs and is not meant to replace traditional process safety elements. A properly functioning PSM system should consistently and effectively manage the process hazards throughout the entire process lifetime. Particular care must be taken for the management of change as well as developing an appropriate workforce culture. A well designed and implemented system can prevent the system from being circumvented or used in a perfunctory manner which may lull management into a sense of complacency [8] . Therefore, it must work in conjunction with existing standards of process safety, environmental compliance, product quality, Responsible Care commitments [11] , as well as occupational health and safety (OH&S) requirements [9] . Table 2 clarifies the differences between OH&S and process safety. PSM covers the entire lifetime of the process, not just the operational lifetime. The key process lifecycle stages include: process development; detailed design; construction; start-up; operation; extended shut-downs; and decommissioning. PSM scope will change during the lifetime of the process. During process development, operational procedures will not be written yet, etc. Accidents can happen at any time and adequate care should be taken to prevent them at all stages.
While many of the core principles of PSM are general, the scope is clearly defined. PSM is primarily intended for the process industries but is applicable to any site storing and handling hazardous chemicals or energy. PSM is not specifically intended to address other forms of risk in other domains.
HAZARDS AND RISKS
Risk is defined as the probability of a hazard event multiplied by the severity of the consequences. In PSM, the risks are associated with loss of containment of hazardous substances. PSM recognizes several categories of risk:
Risks to the worker
Risks to the worker are the usual focus of occupational health and safety. These include:
 Injury or death in the workplace  Long term health effects for workers  Loss of employment due to disabilities
Risks to the public
Risks to the public are beyond the scope of occupational health and safety since they occur outside the workplace. These risks include:
 Injury or death of members of the public  Long term health effects on the community  Economic effects including loss of jobs in the community  Reduced standard of living
Risks to the environment
Harm to the environment is often not considered a safety issue. However, environmental degradation will have adverse affects on the welfare of the public. These risks include:
 Air pollution  Greenhouse gas emissions  Property damage  Water pollution  Harm to fish and wildlife  Contamination of land
Risks to the company
There are direct financial risks to the company as the result of an incident. However, risk management must not be based on financial costs alone. The risks include:
 Cleanup costs  Insurance costs  Loss of reputation  Lost production  Property damage  Lawsuits and legal costs  Fines and penalties
THE ELEMENTS OF PSM
PSM systems are typically organized into four pillars [8] :
1. Commitment of management and corporate objectives to PSM. 2. Hazard assessment, including process knowledge and hazard identification. 3. Risk management such as managing change in the process and change in personnel. 4. Continuous enhancement such as furthering employee education and enhancing process knowledge. Two of the most important features of a PSM system are participation and communication. Although PSM systems are typically designed by management, they require input from operators and commitment from corporate executives to be implemented properly PSM systems are non-prescriptive [10] . They must be based on performance indicators to measure the success of the PSM system. Guidelines can be implemented in many ways as long as the objectives are met.
PSM systems are not created once and implemented once. They are an on-going process that involves auditing and revaluation of the management system to continually enhance the effectiveness of the PSM system.
A strong safety culture establishes a strong intolerance for any violations of safe practice in order to reinforce safety as a core value. This is achieved by providing strong leadership and direction, prioritizing process safety, providing sufficient resources, and establishing performance standards and enforcing them. Engineers should always be reinforcing the organizations' commitment to safety throughout their professional activities.
PSM IN CANADA
While no specific regulations to implement PSM in process facilities in Canada currently exist, most companies are choosing to do so as industry best practice and as more data supporting the business case for PSM become available. The Chemistry Industry Association of Canada (CIAC) promotes PSM as part of their Responsible Care program for their members [11] .
Many companies may possess facilities in the United States that are required by law since 1994 to have a functioning PSM system, and are therefore experienced with the development and implementation of these systems. While no fines will be levied for failure to possess a functional PSM system in Canada, there are still legal requirements for all people directing work to take reasonable steps to ensure worker and public safety. In the event of a loss of containment, the criminal code of Canada states that there will be severe penalties for failing to ensure the safe operation of facilities and ensure operational integrity.
The Westray Mine Explosion in Nova Scotia in 1992 killed 26 workers who were underground at the time [12] . A public inquiry found that the mine was poorly managed, worker safety was ignored, and poor oversight by the government regulators were the causes of the worse mining disaster in Canada. A criminal case was pursued against two managers but was dropped when it became unlikely they would be convicted. This case lead to legislation making negligence leading to an incident a criminal offence.
The 
THE PSM LEARNING MODULE
The PSM learning module is meant to provide an introduction to process safety management (PSM). In a very simple sense, PSM is a framework for identifying and managing process risks. It is a type of safety management system that is specific to the process industries. The principles are relevant to all disciplines of engineering involved in a process facility and are also broadly applicable to other manufacturing industries. The ultimate goal of PSM is to prevent the occurrence of major loss of containment incidents that are not appropriately addressed through traditional occupational health and safety procedures. This is due to the fact that many serious incidents are not simply attributable to any individual operator error. PSM strives to ensure all hazards of a process are identified and effectively managed for the lifetime of the process, regardless of changes in personnel, organization, or environment. The principles of PSM as taught in this module are based on a particular reference from the American Institute of Chemical Engineers Center for Chemical Process Safety (AIChE CCPS) [14] .
The PSM learning module is a nearly 200-slide PowerPoint file, supplemented by case studies, instructor notes, and quiz questions. The module is intended to introduce the principles of process safety management to undergraduate engineering students in Canada. After completing the module, students should be able to:
 Describe the principles underlying each element of PSM.  Recall major events which lead to the development of PSM.  Discuss their personal responses about "greyareas" in risk management.  Apply PSM principles to any process or facility.
MODULE OUTLINE
The PSM module consists of the sections or chapters described below.
Introduction
The introductory section provides an overview of PSM, and clarifies the scope. Important topics include:
 The importance of PSM in the prevention of major hazard incidents.  Brief history and recent examples and case studies.  Rules and regulations for PSM in Canada.  Survey of PSM systems.
Commitment to PSM
PSM is a safety management system, not simply a set of tools or techniques. To be effective, all stakeholders including management and workers must be fully committed to PSM. The topics covered in this section include:
 Process safety culture  Compliance  Competence  Workforce involvement  Stakeholder outreach
Hazard Identification and Risk Assessment
Hazard identification and risk assessment are of central importance in PSM. They are reviewed in this section, but in-depth coverage is left to complementary learning modules  Hazard identification & risk management  Knowledge management
Risk Management
General principles of risk management are also covered thoroughly in a complementary learning module. This section focuses on risk management as it applies specifically to PSM. Specific topics include:
 
CASE STUDIES
The module includes detailed discussion of several important case studies, including:
 Methyl Isocyanate Release, Union Carbide, Bhopal India, 1984 [15, 16] . This accident resulted in more than 3800 fatalities, more than 100,000 injuries, severe damage to area livestock and crops, long term health effects, $470 Million compensation. Several related factors lead to this disaster.  Hydroxylamine explosion, Concept Sciences Inc., Hanover Township, Pennsylvania, 1999 [17] . This explosion resulted in 5 deaths and 14 injuries. The main contributing factor was poor management of process knowledge.  American Airlines Flight 191 crash, 1979 [18] .
The crash resulted in 273 fatalities, and was caused by a faulty maintenance procedure. While this is not within the scope of PSM, the Safety Management Systems used to ensure safety of civilian aviation have many elements in common with PSM.  Piper Alpha oil platform explosion, Occidental Petroleum Ltd., North Sea, 1988 [19] . This accident resulted in 167 deaths and $1. 
TEST QUESTIONS AND INSTRUCTOR NOTES
A bank of potential exam questions based on the material presented was compiled to aid instructors in the facilitation of their course. A variety of short answer, multiple choice types of questions were provided along with an example of a critical thinking exercise based on the Motiva Enterprises hot work explosion case study from the U.S. Chemical Safety and Hazard Investigation Board [21] . The case study information (without the analysis) is given to the students and a list of discussion questions is provided. Instructor notes are included in the power point presentation to provide additional details and to direct instructor towards further resources and information.
COPYRIGHT
Most images used in the module development were taken from royalty free sources such as Microsoft Clip art or freedigitalphotos.net. Other options include creative commons search on google images. Depending on how the information is being disseminated, it may be allowed under the "Educational Exception".
INDUSTRY INVOLVEMENT
The module was reviewed by several industry experts, primarily from the chemical process industry. Their valuable feedback has been incorporated into the module.
EVALUATION OF LEARNING OUTCOMES
Preliminary feedback from Minerva and industry experts has been positive. The module has not yet been used in teaching, so no student feedback is available. Discussions are underway to implement consistent evaluation methods for all of the modules developed under this project.
RECOMMENDATIONS
At the beginning of this project, each participating university developed its own module format. There was limited collaboration between the Interns involved in module development, so several different formats emerged. It would be very helpful to merge the best ideas and develop a common module template to be used for future modules. The template should clearly define the module contents, including lecture slides, exam questions, discussion points, assignments, online quizzes, multimedia content, etc.
There should be closer collaboration between the students developing modules. In particular, module content needs to be shared at the early stages so that linkages between modules can be made clear, and so that duplication can be avoided.
